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The microscopic origin of the spin-orbit (SO) potential in terms of sub-baryonic degrees of freedom is ex-
plored and discussed for application to nuclei and hyper-nuclei. We thus develop a chiral relativistic approach
where the coupling to the scalar and vector meson fields are controlled by the quark substructure. This approach
suggests that the isoscalar and isovector density dependence of the SO potential can be used to test the micro-
scopic ingredients which are implemented in the relativistic framework: the quark sub-structure of the nucleon
in its ground-state and its coupling to the rich meson sector where the ρ meson plays a crucial role. This is also
in line with the Vector Dominance Model (VDM) phenomenology and the known magnetic properties of the
nucleons. We explore predictions based on Hartree and Hartree-Fock mean field, as well as various scenarios for
the ρ-nucleon coupling, ranked as weak, medium and strong, which impacts the isoscalar and isovector density
dependence of the SO potential. We show that a medium to strong ρ coupling is essential to reproduce Skyrme
phenomenology in N = Z nuclei as well as its isovector dependence. Assuming SU(6) valence quark model
our approach is extended to hyperons and furnishes a microscopic understanding of the quenching of the NΛ
spin-orbit potential in hyper-nuclei. It is also applied to other hyperons, such as Σ, Ξ and Ω.
Despite its crucial role for the understanding of nuclear
magic numbers [1, 2] and consequently of element abon-
dances in our Universe [3], the microscopic origin of the spin-
orbit (SO) interaction is still matter of discussion. For practi-
cal non-relativistic nuclear interactions and application to fi-
nite nuclei, it is often introduced as a phenomenological term
correcting the nuclear interaction [4, 5]: it is represented by a
short range interaction describing the coupling of the particle
i with spin si to its orbital angular momentum li = pi× ri. As
a consequence, the SO potential is characterized by a density
gradient term (boost) with isoscalar and isovector contribu-
tions, see for instance Refs. [6, 7] and references therein.
One major success of the relativistic hadrodynamic model
initiated by J. Walecka and coworkers [8, 9] comes from the
natural framework it provides for the SO coupling without
the need of introducing an explicit interaction. The SO in-
teraction originates from the relativistic nature of the hadro-
dynamic model, often referred in nuclear physics as the rela-
tivistic mean field (RMF) where only the Hartree potential is
considered [5], since it is generated by the coupling between
the up and down components of the Dirac spinor [8]. In partic-
ular, a non-relativistic potential can be derived from the hadro-
dynamic model showing that the coupling constant of the SO
potential is a function of the meson coupling constants, which
are determined from bulk properties of nuclear matter and/or
fits to the nuclear masses. The SO splitting appears thus as a
prediction of the model since it is not fitted a priori. Its de-
tailed density functional, e.g. isoscalar and isovector density
dependence, may however change from a Lagrangian to an-
other.
A functional difference between Skyrme [5] and RMF [5]
nuclear interaction has been suggested by Reinhard and Flo-
card [6]: the Skyrme SO potential combines together isoscalar
and isovector density gradient, while the RMF is purely
isoscalar. It should however be noted that the RMF La-
grangian in Ref. [6] includes only the contribution of the σ
and ω mesons to the SO potential. In Ref. [10] for instance
the additional effect of the ρ vector meson and of the Fock
term has been discussed, but restricting the ρ to its vector
coupling to the nucleon and neglecting the ρ-tensor coupling.
In this paper, we explicitly detail the contribution of different
mesons to the SO potential and we explore three scenarios for
the ρ meson coupling: the weak coupling which neglects the
ρ-tensor contribution, and the medium and strong coupling
which include it with increasing strength. The medium cou-
pling reproduces the pure VDM picture [11] while the strong
coupling requires an extension of the pure VDM picture and is
compatible with the pi nucleon scattering data [12]. We show
that the ρ-tensor coupling and the Fock contribution to the
mean field are crucial to reconcile relativistic approaches with
Skyrme nuclear phenomenology and more generally to adapt
to the experimental data in nuclei and hypernuclei.
In the pure VDM picture the ρ-tensor coupling fully con-
tributes to the anomalous magnetic moment of the nucleons.
In a microscopically based chiral relativistic approach, this
coupling originates from the composite nature of baryons into
three quarks. Hence, although the SO potential can be seen as
a pure relativistic effect, its precise form deeply roots into the
nature of the strong (nuclear) interaction, e.g. its chiral real-
ization, the contribution of the scalar and vector meson field
dynamics as well as the quark sub-structure. In other words,
anchoring the relations between the meson coupling constants
into a quark sub-structured (bag) model, the confrontation of
the chiral relativistic predictions for the SO potential to nu-
clear data can drive to a better understanding of some mi-
croscopic aspects of baryons and of their mutual interaction.
There are indeed important questions involving finite nuclei
and hyper-nuclei, yet unresolved, which can contribute to the
better understanding of the strong interaction and of the quark
sub-structure, such as i) what is the isoscalar and isovector
dependence of the SO interaction? and ii) how does the SO
interaction is modified in hyper-nuclei? To achieve this pro-
gram we investigate the role of the quark wave functions in
governing the SO coupling of the exchanged mesonic degrees
of freedomwith the nucleons and the hyperons. We also show
the effect of the strange quarks to the SO interaction, pro-
2viding a deep microscopic understanding of SO splitting in
hyper-nuclei. In the following, our microscopic quark-level
derivation of the spin-orbit potential closely follows the one
from Guichon et al. [13].
Interestingly the quark sub-structure of the nucleon impacts
also the saturation mechanism of the energy per particle in nu-
clear matter. Experimentally, the curvature of the energy per
particle is directly measured from the energy of the isoscalar
giant monopole resonance (ISGMR). It has been suggested
that the softening of the equation of state around saturation
density is induced by the polarisation of the quark internal
structure of the nucleons [14–16]. This sub-nucleonic polar-
isation appears in the Lagrangian as a non-linear meson cou-
pling for the σ field or alternatively as a density dependence
of the scalar meson coupling constant. It impacts also the
SO potential, but at a sub-leading order which is neglected
in this study. It is however interesting to note that, through the
SO interaction and the saturation mechanism, the quark sub-
structure appears to have, at least, two concrete realizations
impacting the modeling of the interaction between nucleons.
While it is possible to ignore the microscopic mechanism sug-
gested by the quark sub-structure in practical nuclear model-
ing by introducing new terms in the Lagrangian fitted to the
properties of finite nuclei, the mechanism we refer to suggests
a more global picture which provides a deep understanding of
the nature of the nuclear interaction.
This paper is organized as follow: we remind the derivation
of the SO potential in atomic and nuclear physics in Sec. I.
We then present a derivation of the nucleonic spin-orbit po-
tential from a chiral Hartree-Fock description in Sec. II. Our
approach is by many aspect based on the one presented in
Ref. [13], and also opens the possibility to perform a fully con-
sistent relativistic Hartree-Fock calculation. The connection
to nuclear physics is emphasized in our study. In Sec. III we
show the impact of the nucleon substructure in nuclei and we
compare our findings to widely used parameterizations used
in nuclear structure, such as Skyrme energy density function-
als (EDF) or relativistic mean field (RMF) [5, 6]. In particular
we discuss the isospin dependence of the spin-orbit interac-
tion. Since the present approach can easily be extended to
predict the SO interaction for any kind of baryon, we present
an application to hyperons in Sec. IV. We therefore apply our
generic results to the ΛN spin-orbit, which is known to be
largely quenched, and predict SO potential for the other hy-
peron systems. We then conclude this study in Sec. V.
I. THE SPIN-ORBIT INTERACTION IN ATOMIC AND
NUCLEAR PHYSICS
The origin of the SO interaction in atomic physics is well
known: it is generated by the coupling of the electron mag-
netic moment (spin) moving in the electric field of the nu-
cleus, to which shall be added the Thomas precession [17].
An atomic electron – located at position R – having orbital l
and internal spin s angular momenta and moving in a central
mean-field potential U(R) feels a spin-orbit potential of the
form :
Wso,e(R) =
e2
m2e
1
R
dU
dR
l · s −
1
2
e2
m2e
1
R
dU
dR
l · s . (1)
The first term in Eq. (1) comes from the interaction of the
electron magnetic moment (represented by the internal spin s)
with the mean magnetic field existing in its instantaneous rest
frame (IRF): this is a boost effect (generating the gradient)
since this mean magnetic field in the IRF originates from the
Lorentz transformation of the mean electric field in the rest
frame. However even in the absence of electric and magnetic
fields, the rotation of the particle curvilinear orbit involves
an additional boost (perpendicular to the motion), which is
known as the Thomas precession. It is a pure relativistic ef-
fect independent of the structure and yielding the second term
in Eq. (1). The Thomas precession reduces the impact of the
first boosted term to the total SO potential.
The SO interaction in finite nuclei is quantitatively very dif-
ferent. Not only it is much larger – typically by an order of
magnitude – but it has also the opposite sign compared to the
atomic physics case. While in atomic physics, the coupling
of the electro-magnetic field to the particle is only of vector
type, in nuclear physics, the interaction is spread over more
coupling channels. In particular, there is also a scalar interac-
tion which contributes to the SO interaction. The very large
attractive scalar and repulsive vector self-energies, typically
ΣS ≈−400 MeV and ΣV ≈+350 MeV in the interior of finite
nuclei, combine together to produce the mean field (sum) and
the spin-orbit potential (difference). Consequently the atomic
formula for electrons (1) is transformed for nucleons (N = p,
n) as,
Wso,N(R)≃
1
2
1
m2N
ΣV −ΣS
ΣV +ΣS
1
R
dU
dR
l · s . (2)
Note that the structure of Eq. (1) can be recovered from Eq. (2)
setting ΣS = 0. In Eq. (2) the nuclear spin-orbit potential is
amplified by an order of magnitude since ΣV − ΣS is much
larger than |ΣV + ΣS|, and the negative sign is given by the
sign of ΣV +ΣS.
Moreover in this picture, nucleons in the mean field cou-
ple to potentials – ΣV and ΣS – which are of the order of one
third of their own mass. One can thus expect that these huge
scalar and vector fields probe more than just the global struc-
ture factor of nucleons, represented by its mass, but that they
are also sensitive to nucleon internal degrees of freedom, such
as quarks, gluons, pion cloud, etc... Conversely, it is difficult
to imagine that these huge fields have no effect on the internal
structure of the nucleon. This is the motivation of the quark-
meson coupling (QMC) model proposed by Pierre Guichon
in Ref. [14]. The composite nature of nucleons and the huge
fields produces a polarisation which softens the density de-
pendence of the energy per particle around saturation density.
This mechanism induces a non-linear sigma-meson coupling
or alternatively a density correction to the sigma coupling con-
stant [14–16].
A question immediately comes: where do these huge scalar
and vector fields come from? How are they generated from
QCD and how do they couple to the quarks (and possibly
3the pion cloud) inside the nucleon? This will be partially an-
swered in the next section.
II. RELATIVISTIC CHIRAL APPROACH WITH
CONSTRAINTS FROM NUCLEON STRUCTURE
The link between QCD in its non-perturbative regime and
the dynamical interactions among nucleons is not yet com-
pletely understood. Since the spin-orbit interaction between
baryons is essentially short-ranged [18], a number of authors
have linked its microscopic origin to the quark degrees of free-
dom, see for instance the original Ref. [19]. The relation be-
tween a quark model and the spin-orbit interaction has been
also investigated in the following works, e.g. see Refs [13, 14]
for nuclei and Refs [20, 21] for hyper-nuclei. In these mod-
els, one usually starts with an effective realization of the low-
energy QCD Lagrangian, which can be for instance the NJL
model or nucleon orbital models. Recent progresses in Lattice
QCD will hopefully help the understanding of the nucleon in-
teraction and the role of the quark sub-structure.
A. Foundational aspects
In this section we detail one type of strategy which connects
the low-energy realization of QCD and the SO potential. Here
the SO potential, among other things, emerges from a local
coupling of vector and scalar fields to the quarks, which are
themselves confined by a scalar (string) potential. This can
been done in three steps.
The first step is to perform a gluon averaging of the (eu-
clidean) QCD partition function to generate – at the so-called
Gaussian approximation level – a chiral invariant 4-quark ef-
fective Lagrangian. An efficient way is to apply the Field
Correlator Method (FCM) elaborated by Y. Simonov an co-
workers [22]: a very important outcome is the simultaneous
and automatic generation of scalar confinement and dynami-
cal chiral symmetry breaking. The whole approach depends
on two QCD parameters – the string tension σ and the gluon
correlation length, or string width, Tg itself related to the gluon
condensate – and yields a long range scalar confining poten-
tial VC(r) = σr. What plays the role of a constituant quark
mass emerges as M ≈ σ Tg. A possible crude realization but
not so bad phenomenologically is the NJL model associated
with the following Lagrangian,
L = ψ¯
(
iγµ∂µ −m
)
ψ +
G1
2
[
(ψ¯ψ)2+(ψ¯iγ5~τψ)
2
]
−
G2
2
[
(ψ¯γµ~τψ)2+(ψ¯γµγ5~τψ)
2+(ψ¯γµψ)2
]
, (3)
and complemented by a confining force of a string type [16].
In the second step, as explicitly worked out in Ref. [16],
qq¯ fluctuations in the Dirac sea can be integrated out and pro-
jected on to mesonic degrees of freedom. This bozonisation
procedure generates a scalar field σ (with quantum numbers
of the ”sigma” meson) and vector fields ω , ρ (with quan-
tum number of the ω and ρ mesons) which couple locally to
the constituants of the nucleon (the quarks and also possibly
the pion cloud which is ignored here). In addition quantum
fluctuations generate their kinetic energy Lagrangian. The
model allows to calculate a quark-scalar and quark-vector
coupling constants, gqS and gqV , as well as the mass parame-
ters mS = mσ and mV = mω = mρ , which are not the on-shell
mesons masses but rather represent the inverse of the corre-
sponding propagators taken at zero momentum. According to
the FCM approach [22] and following reference [16], the NJL
model can be completed by adding a confining force acting on
the NJL constituant quarks whose masses are directly propor-
tional to the in-medium scalar field.
The third step is to evaluate the coupling of these QCD
fields to the nucleon where the quarks move in a scalar confin-
ing potential. It thus consists in the emergence of an effective
nucleon-meson interaction, as detailed in the next section.
B. From quarks to nucleons
We now evaluate the coupling of the QCD scalar and vec-
tor fields to the nucleons, where constituant quarks move in a
(scalar) confining potential. We call generically this type of
orbitals model approach ”bag model”. As in Ref. [13] let us
consider a nucleon at CM position R with in-medium effec-
tive mass M∗N and velocity V = P/M
∗
N , embedded in the nu-
clear mesonic fields: σ , ω and ρ . The quark located at R+ r,
feels a scalar and a vector potentials:
UqS (R+ r) = gqS σ (R+ r)
UqV (R+ r) = gqV
(
ω (R+ r)+ τ3q ρ (R+ r)
)
, (4)
where τ3q is the isospin Pauli matrice in the third direction.
The coupling of these mesonic fields to the moving nucle-
ons – including relativistic effects – necessitates the knowl-
edge of the three quark wave functions inside the ”bag”, as
discussed in Ref. [13]. For that purpose the Instantaneous
Rest Frame (IRF) of the nucleon is introduced, with rapidity
ξ such thatV = tanhξ . In the spirit of the Born-Oppenheimer
approximation, one can assume that these quarks wave func-
tions are known in the IRF since the quarks have time to adjust
their motion so that they are in their lowest energy state (see
discussion in Ref. [13] for details). Performing the boost with
rapidity ξ in the IRF of this orbital model, one can define the
nucleon mean-field potential as (N = p, n):
UN (R) =
∫
IRFbag
dr′ 〈N| q¯
(
r′
)
[UqV
(
R+ r′
)
(γ0 coshξ
+γ · Vˆsinhξ )+UqS
(
R+ r′
)
]q
(
r′
)
|N〉 . (5)
We now expand the fields to first and second orders in r′ ac-
cording to UqS (R+ r
′) = U(R) + r′ ·~∇U (R). Working out
the quark-nucleon matrix elements, this generates to leading
order the ordinary mean field potential :
UN (R)≡UV (R)+US(R)
= gωω(R) + gρ ρ(R) 〈τ3N〉 + gσ σ(R). (6)
where the coupling of the mesons fields to the nucleons are
defined as gω = 3gqV , gρ = gqV , and gσ = 3gqS qS, with
4qS =
∫
d3r
(
u2(r)− v2(r)
)
<
∼ 1 the integrated one-quark scalar
density in the nucleon (u and v are the up and down quark ra-
dial wave functions in standard notations). These relations
reflect the quark sub-structure of the nucleon where the factor
three refers to the quark number.
Moreover, after performing exactly the inverse boost, this
procedure allows to build a nucleon located at point R with
energy in the lab frame [13],
E0(R) =
√
M∗N(R)
2+P∗(R)2 (7)
with
M∗N(R) = MN +ΣS(R), and P
∗(R) = M∗N(R)Vˆ sinhξ . (8)
At this level, one comment concerning the coupling to the
scalar field is in order. In the detailed approach described in
Refs. [16, 23], the treatment of the nucleon coupling to the
scalar field – seen as a fluctuation of the chiral field – is a lit-
tle more involved since it leads to the concept of the nucleon
response to the scalar field as was originally introduced by P.
Guichon [14]. One net effect is the density dependence of
the scalar coupling constant corresponding to the progressive
reduction of the scalar field, which thus generates the repul-
sion needed for the saturation mechanism. This mechanism
is precisely what was proposed by P. Guichon in his pioneer-
ing paper [14] at the origin of the QMC model. Although this
scalar field decoupling mechanism is essential for the satura-
tion properties, here we disregard this effect for the SO po-
tential since it is a sub-leading effect. Another consequence
of the scalar nature of the coupling would be to replace in the
scalar potential the baryonic density ρ by the scalar density
ρS. This is again a sub-leading correction which goes beyond
the scope of the present study.
For practical applications to nuclear physics our relativis-
tic chiral approach is very similar to the original QMC
model [24] but they are at least two important differences at
the principle level. First in the QMCmodel, the nucleon (MIT
bag) model only insists on confinement whereas in our ap-
proach chiral symmetry breaking (and its partial restoration
at finite density) is present by construction ; in particular the
sigma field has a perfectly well defined chiral status, it is chi-
ral invariant and reflects part of the evolution of the quark con-
densate associated with partial chiral restoration at finite den-
sity [15, 16]. Second, in the QMC model the local coupling
of the three meson fields to the quarks is introduced by hand
with six parameters (three coupling constants and three mass
parameters), whereas in our approach, they are generated by
the underlying bosonization of the effective QCD Lagrangian.
C. Spin orbit potential
From Eq. (5), the SO potential is defined as the second order
in the gradient expansion of the quark position r′,
Wso,N(R) =
gqV
M∗N(R)
∫
IRFbag
dr′ 〈N|q¯(r′)
[
~γ ·P r′ ·
(
~∇ω (R)
+τ3q~∇ρ(R)
)]
q(r′)|N〉 . (9)
The ω contribution involves the nucleon matrix element of a
one-body quark operator, which can be calculated knowing
the up and down quark wave functions:
〈
gqV ∑
i
ri γi ·P
〉
=−
2
3
gqV ∑
i
〈σi×P〉
∫
d3r r ui(r)vi(r)
=−gω
2
9
〈σN ×P〉
∫
d3r r u(r)v(r)
≡−gω
µS
2MN
〈σN ×P〉 , (10)
and the ρ contribution gives
〈
gqV ∑
i
ri γi ·Pτ3i
〉
=−
2
3
gqV ∑
i
〈σi τ3i×P〉
∫
d3r r ui(r)vi(r)
=−gρ
10
9
〈σN ×Pτ3N〉
∫
d3r r u(r)v(r)
≡−gρ
µV
2MN
〈σN ×Pτ3N〉 , (11)
where in the above equations we used the octet matrix ele-
ments,
〈N|∑
u,d
σi |N〉= 〈N| σN |N〉 , (12)
〈N|∑
u,d
σi τ3i |N〉=
5
3
〈N| σN τ3N |N〉 . (13)
The ω and ρ contributions to the SO potential associated to
the boost are directly proportional to the isoscalar and isovec-
tor nucleonmagnetic moments µS and µV , defined in Eqs. (10)
and (11), and calculated in this type of bag model. For the SO
potential we have implicitly used in the matrix elements the
vacuum quark wave functions, ignoring the quark polarisa-
tion (see above discussion). To be consistent the nucleon ef-
fective mass is replaced by its free value. From Eqs. (10) and
(11), we see that the magnetic moments satisfy the SU(6) bag
model ratio µV/µS = 5 which is compatible with the values
deduced from the experimental neutron and proton magnetic
moments: µV = µp−µn = 4.70 and µS = µp+µn = 0.88 [25].
In the following we introduce the anomalous isoscalar κω and
isovector κρ magnetic moments through the following defini-
tions: µS ≡ 1+ κω and µV ≡ 1+ κρ , in units of the nuclear
magneton µN .
Injecting Eqs. (10) and (11) into (9), the boost piece of the
SO potential takes the following form,
W boostso,N (R) =−gω
(2+ 2κω)
4MNM
∗
N
~∇ω(R) · 〈σN ×P〉
−gρ
(2+ 2κρ)
4MNM
∗
N
~∇ρ(R) · 〈σN ×Pτ3N〉 . (14)
This contribution has to be supplemented by the Thomas
precession (TP) piece, also derivable in the above approach
5[13]:
W T Pso,N(R) =−
gσ
4MNM
∗
N
~∇σ(R) · 〈σN ×P〉
+
gω
4MNM
∗
N
~∇ω(R) · 〈σN ×P〉
+
gρ
4MNM
∗
N
~∇ρ(R) · 〈σN ×Pτ3N〉 . (15)
Again, for consistency, we also replace the nucleon effective
mass coming from the boost by the bare nucleon mass in the
following.
Finally, the SO potential is given by the sum of the boost
and TP contributions,
Wso,N(R) =W
boost
so,N (R)+W
TP
so,N(R) . (16)
As a side remark, let us mention that the above results can
also be derived from a relativistic theory such as the one uti-
lized in Ref. [23] where the nucleon-vector meson coupling
Lagrangian written with standard notation reads:
Lω =−gω ωµ Ψ¯γ
µ Ψ − gω
κω
2MN
∂ν ωµ Ψσ¯
µνΨ ,
Lρ =−gρ ρaµ Ψ¯γ
µ τaΨ − gρ
κρ
2MN
∂ν ρaµ Ψσ¯
µν τaΨ .
(17)
The origin of the tensor (ρ and ω) couplings in such La-
grangian is not resolved but instead given as an input. In our
approach instead, these couplings are derived from the quark
sub-structure of the baryons.
III. SPIN-ORBIT POTENTIAL IN NUCLEI
The equations of motion for the meson fields can be used
to express the SO potential in terms of the nucleon densi-
ties. Starting from Eqs. (14) and (15) and assuming large
vector meson masses (i.e., neglecting Darwin terms), e.g.
ω (R) =
g2ω
m2ω
n0(r), we obtain, after elementary manipulations
(namely R · 〈σN ×P〉 = −2(l · s)), an expression for spher-
ical nuclei involving the radial derivative of the total nu-
cleon density n0(r) ≡ np(r)+ nn(r) and the isovector density
n1(r)≡ np(r)−nn(r) (note the convention for n1 which is op-
posite to the usual nuclear one) as,
W boostso,N (R) =
1
2RM2N
[ g2ω
m2ω
(2+ 2κω)
dn0
dR
±
g2ρ
m2ρ
(2+ 2κρ)
dn1
dR
]
(l · s)τ . (18)
and
W T Pso,N(R) =
1
2RM2N
[ g2σ
m2σ
dn0
dR
−
g2ω
m2ω
dn0
dR
∓
g2ρ
m2ρ
dn1
dR
]
(l · s)τ .
(19)
where the ± and ∓ signs in the previous equations refer re-
spectively to the proton and neutron cases.
Meson Boost Thomas Total Associated
precession gradient
wσN 0
g2σ
m2σ
g2σ
m2σ
∇n0
wωN 2(1+κω )
g2ω
m2ω
−
g2ω
m2ω
(1+2κω )
g2ω
m2ω
∇n0
w
ρ
N 2(1+κρ )
g2ρ
m2ρ
−
g2ρ
m2ρ
(1+2κρ )
g2ρ
m2ρ
∇n1
TABLE I. Meson decomposition of the nucleon direct (Hartree) spin-
orbit potential multiplying the term (l · s)τ /(2RM
2
N). The densities
are n0 ≡ nn +np and n1 ≡ np −nn.
In practice, due to the small value of κω ∼ −0.13, the ω-
tensor coupling can be safely neglected. The case of the ρ me-
son is less simple. The pure Vector DominanceModel (VDM)
picture [11], i.e., the strict proportionnality between the elec-
tromagnetic current and the vector meson fields, implies the
identification of κρ with the anomalous part of the isovec-
tor magnetic moment of the nucleon, i.e., κρ = 3.7, hereafter
called the medium coupling for the ρ meson. For instance
the effective Lagrangian PKA1 [26] assumes a value of about
3.2, which is comparable to the one suggested by the VDM
picture. However pion-nucleon scattering data [12] suggest
a larger value κρ = 6.6, hereafter called the strong ρ cou-
pling. Many approaches in finite nuclei while including the
ρ-vector coupling neglect the ρ-tensor one, see for instance
Ref. [10, 27]. In the following, we also explore this case, de-
fined as the weak ρ coupling. Finally, the decomposition of
the SO potential for the various meson channels are shown in
Table I.
For the nucleonic sector, the SO potential is usually ex-
pressed as,
Wso,N(R) =
1
R
(W1∇nτ +W2∇n−τ)(l · s)τ , (20)
hence directly exhibiting its isospin dependence. For Skyrme
interaction, the ratio (W1/W2)
Skyrme = 2 and for Walecka-type
RMFmodels (without the ρ) we have (W1/W2)
RMF,noρ = 1 [5,
6].
One could express the coefficients W H1 and W
H
2 for the
direct (Hartree) contribution in terms of the quantities wiN
(i = σ , ω , ρ) defined in Tab. I,
W H1 ≡
1
2M2N
[
wσN +w
ω
N +w
ρ
N
]
, (21)
W H2 ≡
1
2M2N
[
wσN +w
ω
N −w
ρ
N
]
. (22)
For the orientation of the following discussion let us rea-
sonably consider that the σ and the ω contributions are sim-
ilar, as suggested from most phenomenological studies [5,
9]. For instance if we choose the omega coupling adjusted
from standard VDM phenomenology (gqV = 2.65, mω =
780MeV) [11], one obtains gω/mω =(3×2.65×200/780)≃
2 fm. Note that the effective Lagrangian PKA1 [26] directly
calibrated from nuclear properties suggests gω/mω = 2.7 fm,
which is not far from our current estimation, considering that
6ρ contribution no ρ weak ρ medium ρ strong ρ
w
ρ
N (fm
2) 0 ≃ 0.4 ≃ 3.2 ≃ 5.6
W H1 /W
H
2 1 ≃ 1.1
<
∼ 3
>
∼ 3
W HF1 /W
HF
2 1.5 ≃ 1.7
<
∼ 2.25
>
∼ 2.25
1
2 (W1+W2)
H ≃ 0.18 ≃ 0.18 ≃ 0.18 ≃ 0.18
(fm4)
1
2 (W1+W2)
HF ≃ 0.23 ≃ 0.25 ≃ 0.35 ≃ 0.42
(fm4)
TABLE II. Summary of the results showing the various scenarios for
the ρ . First raw, ρ coupling w
ρ
N for the weak, medium and strong
scenarios. For the other mesons, we have wωN ≃ 4 fm
2 and wσN ≃
4.4 fm2. Then we show the predictions for the ratio W1/W2, see
Eqs. (21), (22), (23), and for the half sum (W1+W2)/2, see Eq. (26),
for Hartree (RMF) and Hartree-Fock (RHF) cases.
the PKA1 Lagrangian is obtained ignoring the quark sub-
structure. To obtain the binding of nuclear matter gσ/mσ shall
be slightly larger, leading to wσN ∼ 1.1w
ω
N at maximum. The ρ
coupling constant is one third of the ω coupling constant. So
in the absence of ρ-tensor coupling (weak ρ), we also expect
that the ρ contribution will be w
weakρ
N ∼ 0.1w
ω
N . However in
the medium and strong ρ cases, w
medρ
N and w
strongρ
N will be
around 10 times as large, see Tab. II for typical values.
Hence for a typical RMF approach without ρ field,
Eqs. (21) and (22) predict W H1 /W
H
2 = 1 as expected from the
simplest ”σ -ω” Walecka model, see for instance Ref. [6]. It
is interesting to note that for the medium (strong) ρ coupling,
one has W H1 /W
H
2
<
∼ 3 (W
H
1 /W
H
2
>
∼ 3) significantly larger than
W H1 /W
H
2 ≃ 1.1 for the weak ρ coupling. In Ref. [10] this ra-
tio calculated at the Hartree level (RMF) remains very close
to 1.1 (see fig 1 of this paper) for various nuclei (16O, 34Si,
208Pb), which is consistent with the weak ρ hypothesis.
We see the considerable effect of the ρ-tensor coupling to
the isovector density dependence of the SO potential, which
in our approach is interpreted as a purely quark sub-structure
effect. The question then arises of its survival when exchange
terms are included. From the approach of Ref. [23], it is pos-
sible to construct an energy density functional [28] as in the
QMC model [24, 29], from which one can deduce the ex-
change (Fock) contribution to the spin-orbit potential. The
results for the direct (Hartree) are given in Eqs. (21) and (22),
and we give hereafter the exchange (Fock) and total (Hartree-
Fock) contribution to W1 and W2 as,
W F1 =
1
2M2N
1
2
(
wσN +w
ω
N +w
ρ
N
)
,
W F2 =
1
2M2N
w
ρ
N ,
W HF1 =
1
2M2N
3
2
(
wσN +w
ω
N +w
ρ
N
)
,
W HF2 =
1
2M2N
(wσN +w
ω
N ) . (23)
Completely ignoring the contribution of the ρ meson, one
gets
[
W HF1 /W
HF
2
]noρ
= 1.5, which can be seen as the ba-
sic Walecka model result with exchange correction included.
Introducing the ρ contribution in the weak scenario, i.e., ig-
noring the tensor coupling, one obtains
[
W HF1 /W
HF
2
]weakρ
∼
1.7, not far from the ratio 1.75− 1.8 visible in Fig. 2 of
Ref. [10] for the interior of 16O, 34Si, 208Pb, in a RHF
calculation which also incorporates density dependent cou-
plings. For the medium ρ coupling, the ratio becomes[
W HF1 /W
HF
2
]medρ <
∼ 2.25, and for the strong ρ coupling, it
becomes
[
W HF1 /W
HF
2
]strongρ >
∼ 2.25. One can also compare
with the conventional Skyrme EDF parametrization for which
W1/W2 = 2, see for instance Refs. [5, 6], which turns out to
be close to our estimate for medium and strong ρ scenarios.
These results are summarized in Tab. II.
One can observe from the results given in Tab. II that the
ratio W1/W2 is clearly influenced by the contribution of the
ρ meson, as well as by the Fock term in the mean field. For
all cases, the Fock term contributes to shift the ratio W1/W2
towards the phenomenological Skyrme value (≃ 2). A sys-
tematical analysis based on experimental data, e.g. see the
comparisons in Refs. [5, 30], can provide a clear insight on
the strength of the ρ meson coupling.
It is also interesting to look at the influence of the ρ meson
on the absolute value of the SO potential. For this purpose
one can look at its isoscalar component, i.e., the SO potential
felt by one nucleon in a N = Z nucleus. In the SLy5 Skyrme
EDF approach this potential is parametrized with the W0 ≃
120 MeV fm5 ≃ 0.6 fm4 parameter [31] according to:
[Wso]
Skyrme
N=Z (R) =
3
4
W0
R
dn0
dR
l · s. (24)
In our microscopic approach, the same quantity is given by:
[Wso]
Micro
N=Z (R) =
W1+W2
2R
dn0
dR
l · s. (25)
We see that we have to compare 3W0/4 ≃ 0.45 fm
4 in the
SLy5 Skyrme EDF with (W1 +W2)/2 from the microscopic
approach, which is expressed as,[
W1+W2
2
]H
noρ
=
1
2M2N
(wσN +w
ω
N) ,
[
W1+W2
2
]H
withρ
=
1
2M2N
(wσN +w
ω
N ) ,
[
W1+W2
2
]HF
noρ
=
5
8M2N
(wσN +w
ω
N) ,
[
W1+W2
2
]HF
withρ
=
5
8M2N
(wσN +w
ω
N )+
3
8M2N
w
ρ
N . (26)
The two last raws of Tab. II provide estimate for the SO po-
tential under various scenarios for the ρ coupling. We see that
the contribution of the ρ meson, including its tensor piece, is
of utmost importance to reproduce the Skyrme phenomenol-
ogy otherwise the SO potential would be strongly underesti-
mated by almost a factor two. Also note that the quantitative
7agreement of the microscopic approachwith the Skyrme inter-
action has been discussed within the QMCmodel in Ref. [29].
Moreover the strength of ρ-tensor coupling, which is still un-
der discussion, can possibly be determined from the isoscalar
and isovector density dependence of the SO interaction ex-
tracted from finite nuclei data.
These results certainly deserve more detailed calculation
but a firm conclusion is nevertheless that a realistic relativistic
calculation (RHF) certainly requires the inclusion of the ρ-
tensor coupling, which can ultimately be linked to the quark
sub-structure of the nucleon. The symmetry (SLS) and the
anti-symmetric (ALS) spin-orbit terms to the energy splitting
in discussed in Ref. [32, 33].
IV. SPIN-ORBIT POTENTIAL IN HYPER-NUCLEI
Let us now come to the question of the SO potential
in hyper-nuclei. Recent precision measurements of E1-
transitions from p− to s−shell orbitals of a Λ hyperon in 13Λ C
give a p3/2− p1/2 SO splitting of only (152±65) keV [34] to
be compared with about 6 MeV in ordinary p−shell nuclei
(difference by a factor ≈ 50). The Λ SO potential therefore
appears to be weaker by at least an order of magnitude than
the nucleonic SO potential. This effect was originally sug-
gested from phenomenological analyses indicating a strong
suppression of the Λ spin-orbit potential [35, 36].
Since the seminal work by Brockmann and Weise [37]
where the reduction of the SO potential in Λ hypernuclei
was obtained in a relativistic Hartree approach, this effect
has been investigated within several models: From one-boson
exchange NΛ potentials [32, 38–40], which tend to overesti-
mate the NΛ spin-orbit potential; from SU(3) generalization
of standard nuclear RMF models [37, 41–43]; from the naive
SU(6) quark model with flavor symmetry breaking, which
naturally explains the small spin-orbit coupling of the Λ hy-
peron; from a quark model picture combined to Dirac phe-
nomenology [20, 44]; or from combining quark model with
scalar and vector meson exchange (QMC, quark meson cou-
pling model) [45], where Pauli blocking in the ΛN-ΣN cou-
pled channels is incorporated phenomenologically. We finally
mention the flavor-SU(3) in-medium chiral effective field the-
ory approaches, where strangeness is being included. An
almost complete cancellation is found between short-range
contributions and long-range terms [46, 47], even includ-
ing the three-body spin-orbit interaction of Fujita-Miyazawa
type [48]. This scenario have been tested over a large set of
hyper-nuclei [49, 50]. This list is only partial and many other
approaches have been developed.
Our chiral relativistic approach can be extended to the full
octet including hyperons. In case of a single hyperon hyper-
nucleus, the mesonic mean field originating from the ensem-
ble of baryons with a large majority of nucleons is not modi-
fied. When considering the spin-orbit felt by an hyperon, the
summation on the quarks appearing in Eqs. (10) and (11) has
to be limited to the u and d quarks since the strange quark do
not couple to the σ , ω and ρ fields. We neglect here inter-
action of hyperons mediated by strange mesons. Assuming
Baryon composition SB TB LB IB
p uud 1 5/3 1 1
n udd 1 −5/3 1 −1
Λ uds 0 0 2/3 0
Σ+ uus 4/3 4/3 2/3 2
Σ0 uds 4/3 0 2/3 0
Σ− dds 4/3 −4/3 2/3 −2
Ξ0 uss −1/3 −1/3 1/3 1
Ξ− dss −1/3 1/3 1/3 −1
Ω− sss 0 0 0 0
TABLE III. Matrix elements for nucleons and hyperons.
SU(3) flavor symmetry, one can derive a general expression
for the SO potential experienced by any baryon B = N or Y
where Y = Λ, Ξ, Σ or Ω [45]:
Wso,B(R) =W
Boost
so,B (R)+W
T P
so,B(R) , (27)
where
W Boostso,B (R) =
1
2RM2N
[
g2ω
m2ω
(2+ 2κω) SB
dn0
dR
+
g2ρ
m2ρ
(
2+ 2κρ
) 3
5
TB
dn1
dR
]
(l · s)B (28)
W T Pso,B(R) =
1
2RM2N
[(
g2σ
m2σ
−
g2ω
m2ω
)
LB
dn0
dR
−
g2ρ
m2ρ
IB
dn1
dR
]
(l · s)B
(29)
with
SB =
〈
∑i=u,d σ3i
〉
B
〈σ3B 〉B
, TB =
〈
∑i=u,d σ3i τ3i
〉
B
〈σ3B 〉B
, (30)
LB =
〈
1
3
∑
i=u,d
1i
〉
B
, IB =
〈
∑
i=u,d
τ3i
〉
B
, (31)
where only the Hartree term is considered since we treat the
single hyperon case. The relevant SU(6) matrix elements SB,
TB, LB and IB are given in Table III.
A first general remark is that the Thomas precession –
which was already small for the nucleon SO potential due to
the compensation between the scalar and the vector terms, and
the small contribution of the ρ term – is also small for the hy-
peron potential for the same reason, see Eq. (29).
Let us give explicitly the SO potential for the neutral hy-
perons, namely Λ, Σ0 and Ξ0. To simplify the writing we
omit the prefactor 1/2RM2N and we define Gσ = g
2
σ/m
2
σ ,
Gω = g
2
ω/m
2
ω , Gρ = g
2
ρ/m
2
ρ , also keeping in mind that Gσ ≈
Gω ≈ (1+2κρ)Gρ ≈ 10Gρ in the case of medium and strong
ρ couplings.
Wso,Λ =
2
3
(Gσ −Gω)
dn0
dR
(l · s)Λ (32)
8Wso,Σ0 =
[
2
3
(Gσ −Gω)+
4
3
Gω (2+ 2κω)
]
dn0
dR
(l · s)Σ0
(33)
Wso,Ξ0 =
{[
1
3
(Gσ −Gω)−
1
3
Gω (2+ 2κω)
]
dn0
dR
−
[
Gρ +
1
5
Gρ
(
2+ 2κρ
)] dn1
dR
}
(l · s)Ξ0 (34)
to be compared with SO potential for neutrons, including here
the Fock contribution,
Wso,n =
[
W1+W2
2
dn0
dR
−
W1−W2
2
dn1
R
]
(l · s)n
=
{[
5
4
(Gσ +Gω (1+ 2κω))+
3
4
Gρ
(
1+ 2κρ
)] dn0
dR
−
[
Gρ
(
1+ 2κρ
)
+
1
4
(Gσ +Gω (1+ 2κω))
]
dn1
dR
}
(l · s)n
(35)
In the particular case of the Λ hyperon, Eq. (33), Thomas
precession is however the only term which survives, leading
to a strong reduction of the SO potential (by a factor of about
50, as in the experimental data) with respect to the neutron
case. Similar conclusions have also been obtained in various
analyses, see Refs. [20, 35, 36, 45].
Concerning the Σ case, Brockmann [51] has predicted a
small spin-orbit splitting, in contrast with quark-model pre-
dictions suggesting a strong spin-orbit splitting [19]. In our
case we predict for symmetric nuclei an increase of the Σ SO
potential by about thirty percent with respect to the neutron
case taken at the Hartree level, for N=Z, i.e., 41
Σ0
Ca as a typical
example. However if the Fock term is taken into account for
the neutron case the Hartree term is increased by a factor 5/4
to which a ρ contribution has to be added. Hence for the weak
ρ coupling the Σ SO potential is expected to be very close to
the neutron case whereas for the medium or strong ρ coupling
the Σ SO potential is expected to be twenty percent smaller
than the neutron SO potential. The QMC model (see Fig. 3 of
Ref. [45]) predicts a slight decrease in the case of 41
Σ0
Ca of this
order of magnitude. We also observe that the Σ SO potential
is dominated by the ω meson, which induces a great stability
of our results, almost independent of the ρ scenario.
For the cascade case we predict, again for symmetric nuclei,
a significant reduction by a factor one fifth with respect to the
neutron case with in addition a change of sign (also observed
in Ref. [45]) . One peculiarity of the Ξ SO potential is that
the contribution of the ω meson is quenched. In asymmetric
nuclei such as 209Y Pb, the reduction of the hyperon spin-orbit
potential compared the the neutron one’s is even accentuated.
Finally, for the Ω hyperon there is no SO potential since its
is composed only of strange quarks.
So in conclusion, we predict very different SO potentials
for hyperons based on different meson coupling mechanisms:
the cancellation of the boost contribution strongly quenches
the Λ SO potential, the dominance of the ω coupling for the
Σ SO potential induces a very stable prediction, which is 20%
smaller than for nucleons, and finally, the quenching of the ω
contribution for the Ξ SO potential makes smaller by a factor
of order 5 depending on the ρ scenario compared to nucleons
with in addition a change of sign.
V. CONCLUSIONS
In this paper, the predictions of a chiral relativistic approach
for the SO potential in nuclei and hyper-nuclei are analyzed.
The basic inputs are introduced at the quark substructure level
in such a way that the ω and ρ coupling constants are com-
patible with the standard VDM phenomenology and that the
σ coupling allows a plausible saturation mechanism. The
strength of the anomalous magnetic moment generated from
the ρ-tensor coupling is also predicted from the VDM picture,
and we explore some departure from it. Specifically, we study
three distinct scenarios: the weak coupling case (no ρ-tensor),
the medium coupling case (suggested from quark substructure
and VDM), and the strong coupling case (deduced from pion-
nucleon scattering data). In finite nuclei, the important role
of the ρ meson is underlined and we compare our results to
usual approximations, where either the ρ meson is neglected
or the Fock term is not calculated (as in the RMF approach).
We show that the systematics of SO splitting in finite nuclei
could be used to better determine the strength of the ρ meson
coupling. An important result is that the Skyrme phenomenol-
ogy can be recovered only in the case of the medium to strong
ρ coupling.
The present model is based on the quark substructure of the
nucleon, sensitive both to the confinement mechanism and to
SU(3) symmetry for the values or relations between the σ , ω
and ρ mesons coupling constants. The strong sensitivity of the
results on the ρ meson strength – and in particular on its ten-
sor piece affecting the nucleon anomalousmagnetic moment –
suggests that the confrontation of the present phenomenologi-
cal analysis for systematics in finite nuclei could shed light on
the quark sub-structure of nucleons.
The same chiral relativistic model is applied to hypernuclei
where is shows that the SO potential in these case can be very
different. It is quenched for Λ, decreased by 20% for the Σ
and reduced by one fifth for the Ξ case. For each case, the
mechanism is different and analyzed in the present approach.
Extending the present model to the description of finite nu-
clei, it will be interesting to analyze the isotope shifts in the
Pb region since it is expected to be closely related to the spin-
orbit interaction as well [6]. In the future, we should include
other contributions, such as the pi and δ mesons missing in the
present approach
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